D r a f t D r a f t D r a f t
Introduction 44
Plant roots form mutualistic associations with specific soil microorganisms, and those associations 45 can alleviate biotic and abiotic environmental stresses (Gianinazzi-Pearson 1996) . Enhancing the 46 beneficial components of a plant's root microbiome could improve the efficiency of plant production. 47 D r a f t 4 is also true for chickpea (Ellouze et al. 2012) . Cultivars of crop plants may differ in architectural 68 features such as root length and density, and those differences can influence the uptake of soil 69 nutrients and the formation and function of root symbioses (Baon et al. 1994; Römer et al. 1988; 70 Bryla and Koide 1998; Kashiwagi et al. 2006) . Plants with good inherent ability to extract soil P are 71 generally less responsive to the AM symbiosis (Bryla and Koide 1998) . 72 Plant response to inoculation with different AM fungi also depends on the compatibility between 73 AM fungal species and soil properties. Some strains were shown to trigger a better plant response in 74 in soil rich in nutrients and organic matter, while others performed best in relatively poor soils or in 75 soils of medium fertility (Herrera-Peraza et al. 2011) . 76
The formation and function of an AM symbiosis can be influenced by other fungal endophytes. 77
These fungi were previously shown to interact with AM fungi, modifying the level of root 78 colonization by AM fungi and the efficacy of the symbiosis (Müller 2003; Verbruggen et al. 2013 ; 79 D r a f t D r a f t 6 2.5% sodium hypochlorite (Javex) for 2 min, and sterile distilled water for 2 min. The seeds were 115 germinated on moist filter paper in Petri dishes prior to use. The maize seedlings were inoculated with 116 100 spores of D. eburnea, C. etunicatum, and Glomus sp. Each AM species was propagated in three 117 pots of maize each containing one plant. The maize was grown in a greenhouse under 16/8 h 118 day/night conditions at 24/16 °C. Supplemental lighting was provided during the daytime with high-119 intensity discharge lamps (Alto 400 W low-pressure sodium; Philips, Somerset, NJ, USA). The plants 120
were watered with distilled water as needed and fertilized with a modified Long Ashton nutrient 121 6 Mo 7 O 24 ·4H 2 O, and 32.9 mg NaFe-EDTA. The plants were harvested 12 weeks 124 after emergence. The roots were washed free of rooting media and cut into 1-cm fragments. The root 125 fragments and the growth medium for the AM fungal pot culture were pooled and hand-mixed. The 126 AM fungal spores were extracted from three representative samples of each AM fungal culture by the 127 sucrose centrifugation and flotation method (Walker et al. 1982) , then collected on a 125-µm sieve, 128 and counted using a compound microscope. Amounts of each mixture that contained approximately 129 50 spores were used as AM fungal inoculants. Thus, the AM fungal inoculants used in this study 130 D r a f t
Pot establishment and growing conditions for experimental plants 139
Chickpea cultivars were grown in 4-L pots containing pasteurized (90 °C, 1 h) Orthic Brown 140
Chernozem soil (Aridic Haploborroll in the USDA classification system) ( Table 1 ). The seeds were 141 surface-sterilized as described above. The seeds were germinated in the dark at 25 °C for 72 h on 142 moist, sterile filter paper in Petri dishes. Seven germinated seeds were planted in each pot. All 143 germinated seeds and planting holes were treated with 1.5 g of a peat-based Mesorhizobium ciceri 144 inoculant (Nitragin Nitrastick GC; Nitragin Inc., Brookfield, WI, USA). At sowing, 120 g of the AM 145 fungal inoculant containing 150 spores was mixed with soil in the rooting zone. The non-AM fungal 146 endophytes were applied as 2 mL of the fungal suspension using a pipette. Dually inoculated plants 147
were treated with the AM and non-AM fungal inoculants, as described above. The control treatment 148 consisted in autoclaved (121°C, 15 psi, 20 min) inoculants of the AM and non-AM fungi. The 149 chickpea plants were grown for 90 days under the same greenhouse conditions as described above for 150 the maize plants used to propagate the AM fungi. The chickpea plants were watered with distilled 151 water as needed and fertilized weekly with 100 mL of the modified Long Ashton nutrient Mn contents by atomic absorption spectrometry. 169
Statistical analysis 170
Data were tested for normality using the Shapiro-Wilk test, and non-normal data were log-171 transformed before analysis. Two-way analysis of variance (ANOVA) was conducted to test the 172 significance of cultivar, inoculation, and the interaction of these two factors on shoot biomass, of the 13 chickpea genotypes tested: CDC Anna, CDC Corrine, CDC Cory, and CDC Leader ( Table  188 2). 189
Effects of cultivar and inoculation on chickpea performance indicators 190
Chickpea cultivar, inoculation treatment and their interactions significantly influenced plant 191 biomass, root colonization percentage, and shoot N, P, and Mg concentrations (Table 3) . 192
Concentrations of K, Fe, Mn and Zn in shoots were unaffected by inoculation or cultivar (Table 3) . 193
The significant interactions between fungi and cultivar that was observed for all impacted variables 194 clearly indicate that the chickpea cultivars responded differently to the symbiotic fungal communities. CDC Anna, and CDC Frontier showed a positive response to dual inoculation (Fig. 3) . Furthermore, 211 the multi-response permutation procedure revealed differences in the patterns of response to 212 inoculation treatments among the chickpea cultivars (P < 0.0001). Pairwise comparisons 213 demonstrated the differences in the overall response of each cultivar to inoculation with AM fungi, 214 inoculation with non-AM fungal endophytes, and dual inoculation (Table S2) . 215
Discussion 216
Our study revealed variations in the response of 13 cultivars of chickpea to communities of AM 217 fungi and non-AM fungal endophytes commonly found in chickpea fields. This intraspecific variation 218 points to the possibility of selecting genotypes that form efficient symbioses with naturally occurring 219 soil fungi, but also indicates that genetic selection may inadvertently alter the ability of plants to 220 benefit from services naturally provided by the soil ecosystem. Intraspecific variations naturally occur 221 in symbiosis-specific genes and genes that regulate the physiology and morphology of the host plant. 222
These genes interact and result in a specific response to a microbial symbiosis (Estaún et al. 1987; D r a f t takes place on fertile substrates, could lead to the loss of genes, phytochemicals and/or other features 231 that are necessary for the formation of efficient symbioses. Plant selection for disease resistance could 232 also result in selection of reduced ability to form symbioses owing to common pathways in the 233 regulation of symbiosis and disease resistance (Toth et al. 1990 ). Hence, breeding programs targeting 234 high yield and disease resistance may have inadvertently selected some of the chickpea genotypes that 235 respond poorly to fungal symbiosis. between AM fungi and non-AM fungal endophytes may directly affect plant physiology and biomass 262
production. 263
We have shown that the interaction between AM fungi and non-AM fungi can be modified by the 264 host plant in a tripartite symbiosis. Trichoderma harzianum was previously found to promote the 265 colonization of roots by Glomus mosseae and increase plant biomass in cucumber (Chandanie et al. Our study is the first to report that chickpea cultivars respond differently to co-inoculation with 274 AM fungi and non-AM fungal endophytes. The cultivars CDC Vanguard and Amit responded 275 positively to AM fungi in the absence of non-AM fungal endophytes, but did not respond when 276 simultaneously exposed to the non-AM fungal endophytes. In contrast, fungal endophytes added toD r a f t 13 ubiquitous endophytic fungi found in Saskatchewan soils in which chickpea crops are grown could 279 potentially influence the formation and function of the AM symbiosis of chickpea. It is noteworthy 280 that differences in the response of chickpea cultivars to non-AM fungal endophytes were observed 281 using a community of only two fungal species. Since the roots of plants are exposed to a wide 282 diversity of fungal species in crop fields, chickpea cultivars can be expected to exhibit even greater 283 variation in their response to AM symbiosis, as shown earlier (Tavasolee et al. 2011; Pellegrino and 284 Bedini 2014) . 285
This study is a first step toward elucidating plant genetic factors that control the multipartite 286 symbiosis that forms between chickpea and AM fungi and non-AM fungal endophytes. The 287 knowledge acquired through research on this topic may lead to the development of chickpea cultivars 288 that form beneficial associations with indigenous fungal resources. We believe that the ideotype of 289 chickpea successfully regulates microbial associations that can increase the productivity of the plant 290 through the effective utilization of soil resources. D r a f t LS means within a column that are followed by different letters are significantly different at P ≤ 0.05 (n = 4). C  0c  0b  0c  0c  0c  0c  0c  0d  0c  0c  0d  0c  0d  Colonization  (%)   E  8b  9a  13b  11b  8b  8b  7b  8c  6b  6b  7c  7b  8c  A  13a  11a  15ab  12b  13a  14a  11a  14b  11a  12a  14b  14a  14b  AE  14a  12a  19a  15a  15a  17a  12a  23a  15a  14a  24a  13ab https://mc06.manuscriptcentral.com/cjm-pubs
